This review describes the role of oxidative stress caused by endotoxin challenge in sepsis or septic shock symptoms. We observed that endotoxin injection resulted in lipid peroxide formation and membrane damage (near 60-150 kDa) in the livers of experimental animals, causing decreased levels of scavengers or quenchers of free radicals. The administration of a-tocopherol completely prevented injury to the liver plasma membrane caused by endotoxin, and suggested that lipid peroxidation by free radicals might occur in a tissue ischemic state, probably by disseminated intravascular coagulation (DIC), in endotoxemia. In mice, depression of Ca 21 -ATPase activity in the liver plasma membrane may contribute to the membrane damage caused by endotoxin, and the increase of [Ca 21 ] i in the liver cytoplasm may partially explain the oxidative stress that occurs in endotoxemia. It seems that endotoxin-induced free radical formation is regulated by Ca 21 mobilization. Moreover, we have suggested that the oxidative stress caused by endotoxin may be due, at least in part, to the changes in endogenous zinc or selenium regulation during endotoxemia. Interestingly, the extent of TNF-a-induced oxidative stress may be the result of a synergism between TNF-a and gut-derived endotoxin. It is likely that bacterial or endotoxin translocation plays a significant role in TNF-ainduced septic shock. On the other hand, although nitric oxide (NO) has been implicated in the pathogenesis of vascular hyporesponsiveness and hypotension in septic shock in our experimental model, it is unlikely that NO plays a significant role in liver injury caused by free radical generation in endotoxemia.
Introduction
Despite remarkable progress in clinical medicine, sepsis and shock continue to pose major clinical problems in intensive care units. Sepsis is the leading cause of death in critically ill patients in the USA. Sepsis develops in 750 000 people annually, and more than 210 000 of them die (Hotchkiss & Karl, 2003) . It is defined as the systemic response to infection, with the most common cause being a contamination of the blood with bacteria.
Endotoxins of Gram-negative bacteria exhibit numerous biological activities. They induce shock in both humans and animals, characterized by fever, hypotension, intravascular coagulation and finally a multiple organic failure system (MOFS) . MOFS is an important cause of morbidity and mortality, affecting 1% of all hospitalized patients and 20-30% of intensive care unit (ICU) patients. Sepsis, therefore, continues to have marked clinical and financial implications and remains an area that attracts intensive research.
Spillover-endotoxemia from the gastrointestinal tract is an important factor in the relationship between endotoxin and hepatotoxicity. Endotoxins were initially believed to be detoxified in the reticuloendothelial system (RES), particularly in the liver's Kupffer cells. These cells are among the main targets in poisoned animals.
Macrophages stimulated by microorganisms or their toxins induce a variety of biologically active mediators known as cytokines, and tumor necrosis factor (TNF)-a is recognized as an important mediator in the development of endotoxicity. TNF-a is considered to be a major early mediator in the systemic inflammatory response syndrome (SIRS) observed during Gram-negative sepsis (Vassalli, 1992) . This mediator is responsible, at least in part, for a number of pathophysiological responses in the liver, including the acute phase response, hyperlipidemia, free oxygen radical formation, fibrogenesis and choleostasis (Fiers, 1991; Camussi et al., 1991) .
It has recently been established that the transcriptional regulatory factor nuclear factor kappa-B (NF-kB) plays a central role in modulating the expression of many of the immunoregulatory mediators involved in oxidative stress, and consequently in sepsis (Victor et al., 2004) . Furthermore, NF-kB activity is induced in response to various physiological stresses such as ischemia/reperfusion, liver regeneration, hemorrhagic shock and chemotherapeutic agents. Therefore, NF-kB is activated and induces a response to many forms of cellular stress. In this context, NF-kB can be generally thought of as a central mediator of stress responses (Pahl, 1999) . These indications suggest a role for oxidative stress in the intracellular signaling of endotoxin to activate NF-kB.
The modifications induced in the apolar side residues of membrane phosphoglycerides by active oxygen generation are thought to bring about structural alterations in the membrane. Biomembranes and subcellular organelles are therefore the major sites of lipid peroxide damage. Interestingly, ischemia causes functional and structural damage to tissues or organs by the generation of active oxygen species. We reported previously that endotoxin injection resulted in lipid peroxide formation and membrane damage in experimental animals, causing a decreased level of free radical scavengers or quenchers (Sakaguchi et al., 1981a, b) . We also suggested that TNF-a-induced oxidative stress occurs as a result of bacterial or endotoxin translocation under conditions of reduced RES function in various disease states (Sakaguchi et al., 1996) . In addition, we suggested that intracellular Ca
21
, selenium or Zn 21 levels may participate, at least in part, in free radical formation in endotoxinpoisoned mice (Sakaguchi et al., 1989 (Sakaguchi et al., , 1993 (Sakaguchi et al., , 2000a (Sakaguchi et al., , 2002a Sakaguchi & Yokota, 1995) .
Many studies have linked the production of nitric oxide (NO) to endotoxin-induced hypotension, vascular hyporesponsiveness and death, suggesting that the excess production of NO plays an important role in the development of septic shock (Moncada et al., 1991; Titheradge, 1999) . The NO radical functions efficiently as a mediator, messenger or regulator of cell function in various physiological systems and pathophysiological states. We found that it is unlikely that NO plays a significant role in the liver injury which causes lipid peroxide formation in endotoxemia (Sakaguchi et al., 2000b (Sakaguchi et al., , 2001a .
Although there have been several excellent reviews of oxidative stress in sepsis (Salvemini & Cuzzocrea, 2002; Macdonald et al., 2003; Victor et al., 2004) ; based on our series of studies, in this review, we have in contrast, put forward the concept of a role for oxidative stress in the liver caused by endotoxin challenge in sepsis or septic shock symptoms.
Free radical formation in endotoxemia
Lipid peroxide formation and plasma membrane damage in endotoxemia
The mechanisms involved in shock and organ injury induced in septic shock are multifactorial. Diverse molecular mechanisms of inflammation and cellular damage have been implicated in the pathogenesis of septic shock and multiple organ failure, including those related to the overt generation of cytokines, eicosanoids and of reactive oxygen species, such as NO, superoxide anions or peroxynitrite (Salvemini & Cuzzocrea, 2002) . Oxygen-derived free radicals generated during reperfusion after ischemia or hypoxia, or by activated neutrophils, are mediators of tissue injury.
Free radical injury occurs via lipid peroxidation in a variety of disease processes, including shock. Lipid peroxidation is the oxidative deterioration of polyunsaturated lipids. The changes induced in the apolar side residues of the membrane phosphoglycerides are thought to bring about some structural alterations. Therefore, biomembranes and subcellular organelles are the major sites of lipid peroxidative damage. These peroxidative metabolic pathways are linked by a cytoplasmic glutathione (GSH) shuttle system, namely NAD(P)H oxidase and GSH peroxidase (GSH-Px). Furthermore, superoxide dismutase (SOD) may play an important role in protecting cells or tissues against the toxic effects of these superoxide radicals.
About 24 years ago (Sakaguchi et al., 1981a, b) we reported that liver lipoperoxide levels showed a marked increase from 6 to 18 h after endotoxin administration, subsequently tending to decrease, and that the level of thiobarbituric acid (TBA) returned to almost normal after 2 days. On the other hand, the activities of SOD and GSHPx, which are scavengers of free radicals, decreased in the mouse liver 18 h after endotoxin administration. Membrane protein damage in the liver caused by free radicals was mostly found in the 60-150 kDa molecular weight (MW) range in endotoxemic mice, and there were very marked changes around 140 kDa (Fig. 1b) . The lipid peroxide level in endotoxin-poisoned mice given a-tocopherol -the most important form of vitamin E -was lower than that in the controls. Furthermore, it was found that a-tocopherol completely prevents this membrane protein damage (in the 60-150 kDa range) that arises from the endotoxin challenge. It is noteworthy that the lipid peroxide level in poisoned mice on the vitamin E-supplemented diet was nearly the same as that in the control mice, despite the relatively short 40-day feeding period. Takeda et al. (1984) found that reduced plasma atocopherol levels were accompanied by increased plasma thiobarbituric acid reactive substance (TBARS) levels in critically ill patients, compared with controls, suggesting increased lipid peroxidation. These results suggested that a-tocopherol may be helpful in preventing membrane instability endotoxin poisoning (Sakaguchi et al., 1981b) . Endotoxin-poisoned animals exhibited marked lactoacidemia. Lactic acid reduces the pH to a point where the lysosome membrane becomes unstable. Biomembranes and subcellular organelles are major sites of lipid peroxidation damage. It is, therefore, thought that lipid peroxidation damage of the lysosome membrane accelerates the leakage of hydrolytic enzymes, and can therefore cause severe damage to the cells or tissues. During endotoxicosis in poisoned animals, the liver is one of the main target organs, and it is well known that ischemia causes functional and structural damage to liver cells. We have presented evidence showing that lipid peroxide formation in the liver plasma membrane caused by free radicals might occur in the ischemic state of tissues under endotoxicosis. (Starkov et al., 2004) . Several studies over the past few years have implicated endotoxin-mediated alterations in transmembrane Ca 21 movements and cellular Ca 21 homeostasis. For example, a recent study of ours suggested that intracellular Ca 21 may mediate glycogenesis -rather than glycogenolysis -in the depletion mechanism of liver glycogen during endotoxemia, and that the change in intracellular Ca 21 may result in various metabolic disorders (Sakaguchi et al., 1990) .
Intracellular
Previously, we found that the activity of Ca
21
-ATPase in the liver plasma membrane of poisoned mice markedly decreased to 28% of that in the controls (Sakaguchi et al., 1993) . This finding suggested that the depression of Ca 21 -ATPase activity in the liver plasma membrane of endotoxemic mice brings about a decline in the exclusion of Ca 21 from the liver cytoplasm (Fig. 1a) . It is of great interest that the molecular weight (140 kDa) of Ca 21 -ATPase in the liver plasma membrane, as was shown by Kessler et al. (1990) , lies within the MW range of endotoxin-injured membrane proteins (60-150 kDa) (Fig. 1b) . It was recognized that Ca 21 -ATPase is inhibited by oxygen radical-mediated lipid peroxidation (Kukreja et al., 1988; Huschenbett et al., 1998; Barnes et al., 2000) and by the irreversible superoxide-mediated modification of SH group(s) on a pump molecule (Grover & Samson, 1989) . We previously observed (Sakaguchi et al., 1981a, b) that endotoxin injection resulted in lipid peroxide formation and plasma membrane damage in the liver in experimental animals, causing a decrease in the levels of scavengers or quenchers of free radicals. It may therefore be possible that damage is done during endotoxemia to Ca 21 -ATPase in the liver plasma membrane by oxygen free radicals.
We also estimated the concentration of cytosolic-free Ca 21 ([Ca 21 ] i ) in individual vital cells of the mouse liver using a photonic microscope system (Sakaguchi et al., -ATPase (a) and scanograms of SDS-polyacrylamide gel electropherograms (b) in liver the plasma membrane protein of mice 18 h after endotoxin administration (Sakaguchi et al., 1981a (Sakaguchi et al., , 1993 . 
1993). The [Ca

21
] i level in liver cells of endotoxin-poisoned mice was about 1.8-fold greater at 18 h postintoxication than in those of the control (Fig. 2) . Sayeed (1986) found that there was an elevation of cellular exchangeable Ca 21 in the liver during endotoxic shock, and that the increased sequestration of Ca 21 in the intracellular pool in endotoxic rat liver cells could be due to an influx of extracellular Ca 21 , and may predispose these cells to Ca 21 overload. Maitra & Sayeed (1987) observed that hepatocyte cytosolic Ca 21 concentration was increased after endotoxin shock, and that the increase in cytosolic Ca 21 could be prevented by treating rats with the Ca 21 channel blocker, diltiazem. Similarly, our findings suggested that generation of the superoxide free radical leads to [Ca 21 ] i -related deformations and related cell/ organ dysfunction in sepsis (Rose & Sayeed, 1997) . We suggested that the increase in [Ca 21 ] i in the liver cytoplasm may partially explain various endotoxin-induced metabolic disorders (Sakaguchi et al., 1984 (Sakaguchi et al., , 1989 (Sakaguchi et al., , 1990 (Sakaguchi et al., , 1993 (Sakaguchi et al., , 2002b Sakaguchi & Yokota, 1995) . On the other hand, TNF-a is a cytokine released from macrophages by endotoxin and has often been reported to cause symptoms similar to septic shock.
Interestingly, we recently found that verapamil may have a protective effect against some of the adverse effects of Ca 21 mobilization in TNF-a induced shock syndrome (Sakaguchi et al., 2002b) . In addition, and in support of this finding, in a previous study we have shown that intracellular Ca 21 may play an important role in free radical formation during endotoxemia (Sakaguchi et al., 1989 -ATPase activity at 18 h postintoxication in endotoxemia (Sakaguchi et al., 1984; Sakaguchi & Yokota, 1995) . However, the elevated levels of Ca 21 overload are known to cause an uncoupling of oxidative phosphorylation in the mitochondria. Thus Ca 21 overload in the cytoplasm and mitochondria may bring about the obstacle of ATP production or cause changes in numerous enzyme activities, and may lead to many metabolic disorders in endotoxemia. Phospholipase A 2 (PLA 2 ) enzymes are critical regulators of prostaglandin and leukotriene synthesis and can directly modify the composition of cellular membranes. In particular, the cytosolic form, cPLA 2 (Leslie, 1997) , preferentially releases arachidonic acid from phospolipase and is regulated by changes in intracellular calcium concentration. Therefore, the increase of [Ca 21 ] i in the liver cytoplasma caused by endotoxin may partially explain the various endotoxin-induced complicating metabolic disorders, including oxidative stress.
The role of nitric oxide on endotoxin-induced oxidative stress
Endothelium-derived nitric oxide plays a role in the physiological regulation of vascular tone and blood pressure, and this has been implicated in the pathogenesis of vascular injury, hypotension and shock induced by endotoxin or TNF-a (Moncada et al., 1991; Titheradge, 1999) . Nitric oxide has been suggested to be an important regulator of many cellular functions in endotoxemic animals, and the NO radical functions efficiently as a mediator, messenger or regulator of cell function in various physiological systems and pathophysiological states. The induction of a calcium- ] i in individual cells of mice 18 h after endotoxin administration (Sakaguchi et al., 1993) . [Ca 21 ] i in an individual cell was shown by computer graphics using the ARGUS 100CA system. Each bar represents the mean AE SEM of six mice. Ã P o 0.01, compared to control values. independent isoform of NO synthase (inducible NOS: iNOS) with the associated enhanced formation of NO has been implicated in the pathophysiology of a variety of diseases including inflammation and circulatory shock. The expression of iNOS is closely related to the up-regulation of NF-kB (Prabhu et al., 2002) . NF-kB sites have been identified in the promoter region of the iNOS gene (Lee et al., 2003) .
Cell death induced by NO has been described in various cell lines. NO may directly induce DNA damage by the deamination of cytosine and thereby cause cell death (Murphy, 1999) . However, other studies have demonstrated a protective effect of NO against oxidative stress or cytokine-induced cell death (Li & Billiar, 1999) . In contrast, NO can combine with superoxide radicals in vitro to produce peroxynitrite, a potentially cytotoxic substance, the formation of which has been demonstrated in immuno-stimulated macrophages in circulatory shock and various inflammatory disorders (Beckman & Koppenol, 1996) . This radical has been shown to oxidize sulphydryl groups and to peroxidize membrane lipids. However, due to its short life-span (1.9 s) and the high concentration of peroxynitrite required to produce lipid peroxidation (100 mM-1 mM), it is not known whether peroxynitrite plays a significant role in the lipid peroxide formation in liver that is caused by endotoxin.
Although the functional role of NO in the liver is not well defined, NO synthesis by liver cells may modulate liver injury in the disease state (Murphy, 1999) . Indeed, a high concentration of NO has cytotoxic effects on various cells. In contrast, low concentrations of NO have been shown to have a protective effect against oxidative stress-induced cell death (Li & Billiar, 1999) . In the liver, NO may have a protective role in maintaining perfusion and inhibiting thrombosis and apoptosis, but it still contributes to liver necrosis, immunomediated liver damage, and to DNA fragmentation by the blocking of mitochondrial function and depletion of cellular pyridine nucleotides (Loguercio & Federico, 2003) . Nonselective NOS inhibitors increase hepatic injury in endotoxemia, and inhibitors selective for iNOS have been reported to reduce damage. These discrepancies in the effects of NO might be explained by the amounts of NO produced by activated cells.
Although endotoxin challenge induced the leakage of lactate dehydrogenase (LDH) into the serum, suggesting the occurrence of biomembrane damage, leakage of LDH isozymes 3 and 5 induced by endotoxin was not inhibited by treatment with the relatively selective constitutive NOS (cNOS) inhibitor, L-N G -nitro-L-arginine-methyl ester (L-NAME); moreover L-NAME did not affect endotoxininduced cytotoxicity in J774A.1 cells (Sakaguchi et al., 2001a) . In addition, we previously suggested that the relatively selective iNOS inhibitor, aminoguanidine, may not protect against the cytotoxic effects of endotoxin in vitro (Sakaguchi et al., 2000b) . These findings suggested that endotoxin-induced NO formation may not contribute to tissue injury or to the cytotoxicity caused by endotoxin. In our in vivo and in vitro investigations, we have suggested that endotoxin-induced NO production may not contribute greatly to free radical formation by endotoxin challenge. MacMicking et al. (1995) reported that mice genetically deficient in iNOS exhibited a marked attenuation of the fall in blood pressure following endotoxin administration. They also reported an attenuation of early death rates in iNOSdeficient mice. However, endotoxin-induced liver damage was not prevented in these iNOS-deficient mice. Furthermore, when iNOS-deficient and wild-type mice were given a bacterial injection 6 days before endotoxin administration, both died at the same rate. These authors concluded that iNOS-dependent and -independent routes exist for endotoxin-induced hypotension and death.
The results of our studies (Sakaguchi et al., 2000b (Sakaguchi et al., , 2001a ) using relatively selective inhibitors of iNOS or cNOS, support a similar conclusion, particularly with regard to endotoxin-induced lipid peroxide formation and the survival of mice. On the other hand, interestingly, we found that treatment with the iron chelator deferoxamine did not significantly affect the levels of NO production in endotoxin/interferon-activated J774A.1 cells (Sakaguchi et al., 2001b) .
Iron not only participates in numerous vital biological processes, but also plays a central role in oxidative stress as the major catalyst for hydroxyl radical formation, via the Fenton reaction. Our studies (Sakaguchi et al., 1981a, b) have demonstrated that oxidative stress caused by endotoxin can reduce the levels of scavengers or quenchers of free radicals. In addition, in this series of studies, we suggested that endotoxin-induced free-radical formation was regulated by TNF-a production (Sakaguchi et al., 1996) , Ca 21 mobilization (Sakaguchi et al., 1989 (Sakaguchi et al., , 1993 Sakaguchi & Yokota, 1995) , or Se (Sakaguchi et al., 2000a) and Zn 21 (Sakaguchi et al., 2002a) levels. Therefore, although the role of NO may improve the regulation of endotoxin-induced hypotension and vascular hyporesponsiveness in septic shock, in our experimental model, the findings described above suggested that NO production may not be the sole mediator of liver injury and cytotoxicity caused by endotoxin challenge.
Role of selenium or Zn 21 on oxidative stress in endotoxemia
Zinc (Zn 21 ) is an essential trace mineral required for normal growth, protein metabolism, the function of over 200 zinc metalloenzymes, membrane integrity, gene expression, wound healing and immune function. It is believed to be associated with a protective action on liver cell activity and the possible prevention of cellular damage caused by oxidative stress (Bray & Better, 1990) . One of the characteristic phenomena associated with endotoxin administration is a rapid and significant decrease in serum Zn 21 concentrations, as is found in patients with various infectious diseases and malignancy during endotoxemia (Philcox et al., 1995; Gaetke et al., 1997) . Zinc pretreatment of endotoxemia decreases cellular damage in vitro and improves pulmonary function in vivo (Krones et al., 2005) . In contrast, metallothionein is a low molecular weight (MW = $7000) cysteine-rich protein present in various animal and plant species. This protein, in addition to having a detoxifying role against harmful heavy metals such as cadmium and mercury, and as well as a homeostatic role for essential metals such as copper and zinc, has been suggested to act as a free radical scavenger in cooperation with established biomolecules that act as antioxidants, such as the reduced form of GSH (Nath et al., 2000) . As the induction of hepatic metallothionein occurs at the onset of inflammation, it has been suggested that the resulting increased supply was exchangeable for the onset of the acute-phase response.
We Selenium (Se) is an essential micronutrient for all mammalian species and is associated with a variety of physiological functions, most notably the immune system, in the form of selenoproteins. In particular, Se is a structural component of the active site of GSH-Px, and its deficiency is associated with a decrease in Se-GSH-Px activity and an increase in lipid peroxidation. Se inhibits transcription and proinflammatory gene expression (Handel et al., 1995) . It has been known to regulate the activation of NF-kB via various stimuli, including endotoxin and TNF-a (Prabhu et al., 2002) . The NF-kB and MAPKs (including p38) are involved in stress-related signaling pathways and are involved in the endotoxin-mediated modulation of gene expression (Guha & Mackman, 2001) . Recently, Kim et al. (2004) showed that the pretreatment of macrophages with selenium decreased the production of reactive oxygen species (ROS) and prevented endotoxininduced iNOS production. They suggested that Se attenuates the endotoxin-induced oxidative stress response through a modulation of p38 MAPK and NF-kB signaling pathways. It is apparent that the inflammatory responses of endotoxin in macrophages includes the initial induction of ROS, which leads to an activation of MAPKs and NF-kB and to the induction of iNOS and inflammatory cytokines.
We have investigated the role of selenium in oxidative stress responses from endotoxin by feeding rats a diet deficient in this element (Sakaguchi et al., 2000a) . In rats fed this Se-deficient diet for 10 weeks, Se levels and GSH-Px activity in the liver were about 47% and 43% lower, respectively, than those in rats fed a Se-adequate diet. Under these conditions, it was found that endotoxin-induced oxidative stress in the rat liver was markedly increased by the Se-deficient diet.
Se is a component of Se-GSH-Px, which catalyzes the reduction of hydrogen and lipid peroxides via the oxidation of GSH. GSH-Px is an antioxidative enzyme that scavenges various peroxides. Thus, a deficiency in Se would lead to a decrease in Se-GSH-Px activity, which would in turn lead to the accumulation of lipid peroxides. Furthermore, in the Sedeficient diet group, endotoxin challenge induced the leakage of LDH and acid phosphatase into the serum, suggesting that biomembrane damage occurred in the poisoned rats. It is therefore possible that lipid peroxide damage of lysosome membranes in Se-deficient rats treated with endotoxin accelerated the leakage of hydrolytic enzymes, and thus severely injured the cells or tissues.
Further study in our laboratory demonstrated that treatment with Se markedly inhibited endotoxin-induced NO production in J774A.1 cells. Asahi et al. (1995) reported that GSH-Px was inactivated by endogenous NO and that this mechanism may at least in part explain the cytotoxic effects of NO on cells and of NO-induced apoptotic cell death. Se induced an increased activity of GSH-Px in cells after a 24 h incubation, suggesting that the preventive effect of Se on NO production in endotoxemia is due to the induction of Se-GSH-Px. Although Se may not be the sole mediator of lipid peroxide formation in the liver caused by endotoxemia, the findings described above indicate that Se plays a significant role, at least in part, in the liver injury caused by free radical generation in endotoxemia.
TNF-a and oxidative stress in endotoxemia: synergism between endogenously produced endotoxin and TNF-a
The endotoxin, lipopolysaccharide, elicits various responses in the host, involving hemodynamic, cardiovascular, immunologic and metabolic mechanisms. Most administered endotoxin is located in cells of the RES in animals, particularly in Kupffer cells and splenic macrophages. The macrophages, when stimulated with endotoxin, release numerous cytokines. TNF-a administered intravenously with nanogram quantities of the endotoxin has been reported to cause lethal shock (Rothstein & Schreiber, 1988) , and it appears that TNF-a and endogenously produced endotoxin act synergistically in activating the complement system, which plays an important role in mediating tissue injury and lethality (Hsueh et al., 1990; Sun et al., 1994; Sakaguchi et al., 1996 Sakaguchi et al., , 2000c Leist et al., 1997) . We reported in a previous study (Sakaguchi & Yokota, 1995) that intracellular Ca 21 plays a role in lipid peroxide formation due to the endotoxin/D-galactosamine (GalN)-induced hepatotoxicity under conditions of macrophage activation, especially of Kupffer cells, by zymosan. Zymosan or glucan, which are potent macrophage stimulants, can greatly increase sensitivity to endotoxin. On the other hand, it has clearly been shown that GalN increases the sensitivity to TNF-a mediated effects. These results therefore indicate that cytokines, such as TNF-a, may induce lipid peroxide formation during endotoxemia.
In vitro, manganese SOD induced by TNF-a has been implicated as a protective mechanism against cellular injury from free radical stress (Wong & Goeddel, 1988) . Yoshikawa et al. (1992) reported that TNF-a enhanced the generation of superoxide from polymorphonulcear leukocytes with Nformyl-methionyl-leucyl-phenylalanine, since TNF-a did not directly induce superoxide release from polymorphonuclear leukocytes without this stimulant. These findings suggested that a single-dose of TNF-a has little or no effect on free radical-mediated lipid peroxidation, and that it may be an essential cytokine in the host defense against tissue injury. However, it should also be emphasized that intermediary substances, such as TNF-a, appear to be critical in the pathogenesis of endotoxin-induced shock. It is therefore of interest that TNF-a is responsible for the excess production of free radicals in the presence of endotoxin, which leads to the development of shock.
We have published experimental evidence suggesting that recombinant human TNF-a (rhTNF-a; endotoxin content was less than 0.04 ng mg -1 protein by the Limulus Test kit) alone had only a small effect on free radical generation, but rhTNF-a may bring about an oxidative stress elevation of lipid peroxide levels when mice were presented with a sublethal dose of endotoxin (Sakaguchi et al., 1996) . Bacterial translocation from the gastrointestinal tract, i.e. spillover endotoxemia, is important in the relationship between endotoxin and hepatotoxicity, since endotoxin clearance may be due to rapid uptake in the RES, especially by Kupffer cells in the liver. We have previously reported (Sakaguchi et al., 1982) that the blockade of RES by lead acetate (an RES depressor agent) markedly enhances endotoxin sensitivity on superoxide generation. Therefore, the lipid peroxide level was markedly higher in the livers of mice injected with rhTNF and lead acetate, compared to that in mice treated with rhTNF alone, and that lipid peroxide formation was inhibited by pretreatment with the anti-endotoxin drug, polymyxin-B (Sakaguchi et al., 1996) . Our results suggested that the endotoxin-induced liver damage caused by free radicals might occur synergistically between TNF-a and endogenously produced endotoxin. In support of our findings, previous studies (Sakaguchi et al., 2000c, d) have indicated that endogenously produced endotoxin may contribute to the extent of rhTNF-a-hypersensitivity caused by GalN.
The early works by Rush et al. (1988) or Deith et al. (1989) reported the increased permeability of the gut under shock conditions, with the spreading of endotoxin or bacteria into the circulating blood and translocation into other organs, and they emphasized the role of the gut barrier failure. Hemorrhagic shock-induced bacterial translocation is an etiologic factor in the pathogenesis of multiple system organ damage. In a recent study, Mori et al. (2005) suggested that the lipid peroxidation of intestinal neutrophils is involved in bacterial translocation during hemorrhagic shock and that a free radical scavenger, edaravone, is potentially useful in diminishing bacterial translocation after hemorrhagic shock. It is therefore possible that TNF-a induced oxidative stress occurs as a result of bacterial or endotoxin translocation under a reduction of RES function in various disease states. 
Conclusion
Bacterial endotoxin or lipopolysaccharide has been a principal focus of therapeutic efforts in septic shock research following the discovery that endotoxin is the major component of the outer membrane from the Gram-negative bacteria that induces septic shock. In particular, despite current medical and surgical advances, acute hepatic failure after severe trauma and sepsis is still associated with a high mortality. The mechanisms involved in shock, and the organ injury induced in septic shock, are multifactorial. Diverse molecular mechanisms of inflammation and cellular damage have been implicated in the pathogenesis of both septic shock and multiple organ failure, including those related to the overt generation of cytokines, eicosanoids and reactive oxygen species. Oxidative stress is a major contributing factor to the high mortality rates associated with several diseases, such as septic shock. Figure 4 shows a hypothetical scheme for endotoxin-induced oxidative stress in the liver. Our series of studies have demonstrated that oxidative stress caused by endotoxin can decrease the levels of scavengers or quenchers of free radicals, and that Ca 21 may participate in free radical formation during endotoxemia. Furthermore, we have suggested that its endotoxin-induced oxidative stress was regulated by TNF-a production occurring as a result of bacterial or endotoxin translocation from the intestinal gut under conditions of reduced RES function in various disease states. In addition, we have suggested that oxidative stress caused by endotoxin may be due, at least in part, to changes in Se or Zn 21 regulation during endotoxemia. On the other hand, although NO has been implicated in the pathogenesis of vascular hyporesponsiveness -hypotension in septic shockin our experimental model, NO may not be the sole mediator of the tissue injury and cytotoxicity caused by endotoxin challenge. Our findings may therefore partly explain endotoxin-induced complicating metabolic disorders, including oxidative stress in sepsis or septic shock.
